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introDuCtion
Dinoflagellates represent a major part of the eukaryotic primary production in marine ecosystems (Parsons et al., 1984; schnepf and elbrächter, 1992) . The ability of many strains to cause shellfish poisoning and/or to form resting cysts (Wall et al., 1977; matsuoka et al., 2003) , has led to considerable attention being paid to the diversity and distribution of planktonic dinoflagellates in relation to environmental parameters including temperature, salinity and nutrients (Wall et al., 1977; smayda and reynolds, 2001) . in this respect, the Gulf of Gabes (southern tunisia, 35°n and 33°n) which has been put under environmental pressure due to industrial and urban activities (hamza-Chaffai et al., 1997; Zairi and rouis, 1999) , has experienced a substantial proliferation of microalgae and particularly toxic dinoflagellates (Turki et al., 2006) . the proliferation of unwanted microalgae has been widely shown to be an increasing problem in both coastal and estuarine environments (smayda, 1997; Leong and Taguchi, 2005) , causing significant overfishing of demersal resources, and thus degrading benthic habitats (turki et al., 2006) . in addition, fish resources in the Gulf of Gabes have declined as a result of the degradation of seagrass meadows, Posidonia oceanica. in the open sea, nutrient inputs in the Gulf of Gabes have been shown to be influenced by both the frontal and the atlantic-mediterranean water circulation (font et al., 1995; estrada et al., 1985) . the model by Beranger et al. (2004) shows that the algerian current brings the upper layer eastwards. it then splits into two branches at the entrance of the Sicily Strait; one branch flows to the Tyrrhenian Sea and the other flows into the sicily strait. the latter is composed of two streams, referred to as the atlantic ionian stream (ais) and the atlantic tunisian Current (atC). these water movements may be crucial in supplementing dinoflagellates with nutrients.
our aims were to study, from the coast to the open waters, the horizontal and vertical dinoflagellate summer distribution across the mediterranean waters to the Modified Atlantic Water (MAW) coupled to various environmental factors. as the Gulf of Gabes not only contributes 65% of the national fish production in tunisia (C.G.P., 1996) , but also shelters Djerba island, which, economically, is Tunisia's most important tourist attraction and is a famous habitat for marines turtles such as Caretta caretta and Chelonia mydas (Baran and kasparek 1989; maffucci et al., 2006) , our study can be useful for managing this ecosystem by helping to plan the best disposal options for anthropogenic wastes and the overall urban interferences.
materials anD methoDs

Study site
this study was carried out in an area of the Gulf of Gabes where the climate is dry (average precipitation: 210 mm) and sunny with strong easterly winds. the study area of the Gulf of Gabes (between 35°n and 33°n) extends from "ras kapoudia" at the 35°n parallel level to the tunisian-libyan border ( fig. 1 ) and shelters various islands (Kerkennah and Djerba) and lagoons (Bougrara and el Bibane). it opens to the offshore and has a wide continental shelf. along the tunisian coast, and during the cold period (winter-spring), the salinity of the MAW is low (37.3 to 37.5 p.s.u), and is very close to that of superficial layers. Conversely, during the warm season, the salinity increases strongly (38 p.s.u) and pronounced local circulation patterns are detected, which are most probably linked to a decline in the MAW-induced advection in the east (Beranger et al., 2004) . Sampling samples (120) were collected in July 2005 in 33 coast-to-offshore stations on one cruise (Fig. 1) . Water samples for physico-chemical analysis and examining phytoplankton were collected at 3 depths (surface, middle of water column and bottom) for stations <50 m deep and at 5 depths (surface, -10 m, -20 m, thermocline and bottom) for stations >50 m deep.
Physico-chemical factors
in each station, measurements of temperature, salinity, dissolved oxygen and water density were collected with a Conductivity-temperature-Depth profiler (CTD: SBE 9, Sea-Bird Electronics, USA) equipped with a 12 niskin bottle rosette sampler lowered from the surface to the near bottom. ph was measured immediately after sampling using a met röhm type ph meter. samples for dissolved inorganic nium: nh 4 + ) and orthophosphates: Po 4 3-were stored at -20°C before analysis with an automatic Bran and lueBBe type 3 analyzer. Concentrations were determined colorimetrically according to Grasshof (1983) .
the concentration of the suspended matter was determined by measuring the dry weight of the residue after filtration through a whatman GF/C membrane.
Phytoplankton
Phytoplankton was identified according to live cells to avoid cell destruction. Phytoplankton enumeration (including dinocysts) was performed with an inverted microscope following the method by Uthermöhl (1958) after fixation with a Lugol (4%) iodine solution (Bourrelly, 1985) . Phytoplankton samples were identified according to Tregouboff and rose 1957; huber-Pestalozzi, 1968; Dodge, 1973; Dodge, 1975; Dodge, 1982; Dodge, 1985; Balech, 1988; Balech, 1995; tomas et al., 1993 and tomas et al., 1996 . Biovolumes were estimated from cell dimensions according to lohman (1908) and converted to carbon biomass with the conversion factor 1 µm 3 = 0.12 10 -6 µgC. samples for chlorophyll-a analysis, were filtered by vacuum filtration onto a 0.45 µm pore size filter and 47 mm-diameter glass fibre filter Whatman, GF/F. Filters were then immediately stored at -20°C. Pigment analysis was performed by hPlC according to Pinckney et al. (2001) . the level of community structure was assessed according to the diversity index as described by Shannon and Weaver (1949) . The phytoplankton dominance index δ was calculated with the formula δ = (n 1 +n 2 )/n, which expresses the relative contribution of the two most abundant species (n 1 +n 2 ) to the total standing stock and n as the total cell abundance.
Statistical analysis
the data recorded in this study were submitted to a normalized principal component analysis (PCa) (Dolédec and Chessel, 1989) . simple log (x+1) transformation was applied to data in order to correctly stabilize the variance (frontier, 1973) . a multivariate analysis (PCa and cluster analysis) was used to relate the phytoplankton distribution pattern to environmental variables. Cluster analysis (Ca) was performed using PRIMER v5.0 for Windows XP (Clarke and Gorley, 2001 ) to identify the stations and regroup the samples with similar phytoplankton species composition and nutrient parameters. the results were illustrated by a dendrogram showing the steps in the hierarchical clustering solution and the values of the squared euclidean distances between clusters.
a Pearson test performed with Xl-stat was used to determine the correlations between 19 observations composed of dinoflagellate phytoplankton groups and environmental variables. , 16, 17, 20, 25, 26, 29, 30 , and 31, the high water density coincided with low salinity, thus yielding significant negative correlations between the two parameters ( fig. 2d , e). this result indicates that the Gulf of Gabes is subjected to Atlantic water currents which flow between two water layers with similar characteristics (high salinity and water density). however, the coast is characterized by low water density and high salinity probably as a result of water evaporation. the map of depthintegrated density and temperature shows that density was essentially driven by temperature. furthermore, it decreased from the coast (< 50 m) to the open sea, where strong stratification occurred during the summer. Concentrations in suspended matter ranged from 2 to 588 mg. l -1 (mean ± s.d. = 24 ± 70 mg. l -1 ) with high levels recorded between 10 and 20 m in depth ( fig. 2f) .
Dissolved inorganic nitrogen (Din) and orthophosphate concentrations were higher near the coast than in the open sea ( fig. 3a, b, c and d ). high nitrate (1.42 ± 0.26 µmol l -1 ) and ammonium (0.61 ± 0.21 µmol l -1 ) concentrations were obtained at the bottom and thermocline (25 m) together with orthophosphates (0.06 ± 0.03 µmol l -1 ), whereas nitrite (0.36 ± 0.26 µmol l -1 ) was concentrated chiefly in coastal waters (fig 3a, b, c Phytoplankton community structure the phytoplankton community of the Gabes Gulf consisted of five groups: Dinophyceae, Bacillariophyceae, Cyanobacteria, Dictyophyceae and euglenophyceae, among which Dinophyceae and Bacillariophyceae were the most diversified with a total of 78 and 31 species respectively. total phytoplankton abundance varied from 2.1 10 3 (in station 2 at 52 m) to 2.3 10 5 cells l -1 (in station 29 at 19.5 m) (mean ± s.d = 2.3 × 10 4 ± 4.0 × 10 4 cells l -1 ) ( fig. 4a ).
Chlorophyll-a concentrations ranged from 0 to 2.6 × 10 2 ng l -1 (mean ± s.d. = 48.4 ± 54.2 ng l -1 ) with a Deep Chlorophyll maximum (DCm) at 10 m, especially in stations 3 and 9 (fig 4b) . in the Gulf of Gabes, the highest chlorophyll-a concentrations were recorded along the coast (130 ng l -1 ), and correlated with dinoflagellate development (r = 0.719, n = 120, p<0.001) (table 1) . in the open sea, chlorophyll-a concentrations decreased (average: 30 ng l -1 ). overall, we found higher phytoplankton abundance in the nearshore than in the open sea. this also translated into a higher community diversification (H' max: 4.2 bits cell -1 ) (mean ± s.d. = 3.04 ± 0.74 bits. cell -1 ) due to the simultaneous presence of several dinoflagellate species (H' = 2.2 to 3 bits. cell -1 , 17 species) ( fig. 4c) . although Dictyophyceae were only represented by one genus (Dictyocha sp.), they were the most abundant group (41% of total abundance), followed by Dinophyceae (25%), Bacillariophyceae (16%), Cyanobacteria (17%) and euglenophyceae (1%) (fig. 4d ). in terms of biomass, Diatoms and Dinophyceae contributed 45 % and 25% of the total carbon biomass respectively ( fig. 4d ).
Dinoflagellate community structure
Dinoflagellate abundance ranged from 1.6 × 10 3 to 26 × 10 3 cells l -1 (mean ± s.d = 6.8 10 3 ± 4.7 10 3 cells.l -1 ) ( fig. 5a ). the most dominant families were Gymnodiniaceae (32%), Peridiniaceae (20%), Prorocentraceae (15%), Ceratiaceae (13%), ebriaceae (10%) and 'others' (10%) (Table 2, Fig. 5b) . However, the Ceratiaceae family was the largest contributor to the total Dinophyceae carbon biomass (78%) (fig.  5b) . The diversification of Dinophyceae increased from the open sea (H' = 2.4 to 3 bits cell -1 , 15 species) in Station 4 to coastal waters, where H' reached a maximum of 4.0 bits. cell -1 in station 28 (mean ± s.d. = 2.4 ± 0.5 bits cell -1 ), due to the simultaneous presence of 20 different species (fig. 5c ). the Dinophyceae, like the entire phytoplankton community, was more concentrated along the Gulf coast than in the open sea, especially in stations 23 and 27. indeed, a positive and significant correlation (r = 0.41, n = 120, p<0.05) was found between the dominance index and the distance from the coast (fig. 6 ). the coastal zone was dominated by Ceratium and the offshore by Protoperidinium. We also recorded eight toxic dinoflagellates (6% of the total Dinoflagellates), among which, Karenia cf. selliformis (37% of total toxic dinoflagellates) was distributed homogeneously in both the neritic zone and open sea (figs. 6, 7). Dinocysts contributed 33% of the total motile cells and fig. 8b) .
The principal component analysis (PCA) (first plot) allowed two groups to be discriminated around the f1 and f2 axes ( fig. 9 ). axis f1, which represents 57.55% of the variability and to which the environmental variables are small and equal contributors, positively selects group G1 which is composed of total phytoplankton and nutrient parameters (nitrate, nitrite, ammonium, orthophosphorus, n/P ratio, total nitrogen: total-n and total phosphorus: total-P). axis f2 explains 12.7% of the variability and negatively selects group G2 formed by abiotic variables (temperature, salinity, water density and silicate) and depth. This association confirms our previous observations that phytoplankton abundance decreases with depth, and is more concentrated in coastal rather than open sea areas. in addition, the phytoplankton density was dependent on nutrient availability (nitrate, nitrite, ammonium, orthophosphates, total-n, total-P) and especially on n/P ratios, which seemed to be the deterministic regulator of dinoflagellate dynamics.
the second plot allowed two groups to be discriminated around the f1 and f2 axes ( fig. 9 ). Both axes represent 58.04% of the variability and posi- tively select group G1 which is composed of all phytoplankton, with dominant Dinoflagellates families (Gymnodiniaceae, Peridiniaceae), Dinocysts and nutrient parameters (nitrate, nitrite, ammonium, orthophosphates, total-n, total-P and n/P ratio). the f2 axis, which explains 15.01% of the variability, negatively selects group G2 formed by abiotic variables (temperature, salinity, density and water density) and depth. This association confirms our previous observations on the close links between the distribution of Dinoflagellates and Dinocysts (r = 0.597, n = 120, p<0.05) and between dinoflagellates and nutrients. We also found a significant correlation between nitrate concentrations and dinoflagellate abundance (r = 0.540, n = 120, p<0.05) ( Table 1) . Dinoflagellate abundance was higher along the nutrient-rich coast than in the open sea. the dendrogram from the cluster analysis emphasizes 3 natural groupings. Cluster 1 groups the open sea stations (3, 4, 6, 10 and 12), Cluster 2 is composed of stations situated between coastal and open sea areas (5, 9, 11, 16, 18, 21, 22 and 26) , and Cluster 3 exclusively groups the coastal monitoring stations (14, 15, 19, 20, 23 and 24) (fig. 10a, b) . among these, Stations 23 and 24 near Djerba Island were home to enhanced dinoflagellate growth which coincided with high nitrogen availability.
DisCussion
the results indicate that the summer phytoplankton community of the Gabes Gulf consisted of five groups: Dinophyceae, Bacillariophyceae, Cyanobacteria, Dictyophyceae and euglenophyceae, among which Dinophyceae and Bacillariophyceae were the most diversified groups. In addition, we found higher cell abundances along the coast than in the open sea, which also translated into higher chlorophyll-a concentrations and community diversification. The range of total phytoplankton density found in the Gulf of Gabes was close to that reported in various temperate environments (Casotti et al., 2000; Denis et al., 2000, Gomez and Gorsky, 2003; moran et al., 2001; turki et al., 2006) . This is specifically evident for the distribution of dinoflagellates, which showed the same density pattern as the total phytoplankton but with more pronounced coastal-open sea gradients. The highest Dinoflagellate abundance (2.6 × 10 4 cells. l -1 ) and species diversity (4 bits. cell -1 ) were recorded in the coastal sea areas near Djerba Island (stations 23, 27, 28) ( fig. 1, 8a, 9) with Ceratium furca and C. fusus as dominant species, while offshore Protoperidinium spread abundantly. Ceratium and Protoperidinium were found to be dominant in november 1969 ( Borgne-David, 1975) summer DinoflaGellate in the GaBes Gulf • 69 sCi. mar., 72(1), march 2008, 59-71. issn ber 2000 (turki et al., 2006) in the Gulf of Gabes. They were also the most abundant dinoflagellates in summer 2001 in lake Bizerte (northern coast of tunisia) (turki et al., 2006) . Ceratium furca and C. fusus were repeatedly observed in other mediterranean marine environments (revelante and Gilmartin, 1976) . this might be ascribed to nitrogen inputs to the coastal waters of the Gabes Gulf. in addition, the continuous consumption of phosphate by growing phytoplankton resulted in low concentrations of this element. We found significant correlations between the dinoflagellate abundance and N/P ratios (r = 0.597, n = 120, p<0.05) and nitrate concentrations (r = 0.540, n = 120, p<0.05), but no significant correlations with phosphate. this highlights the crucial and openly accepted role played by nitrogen in sustaining the dinoflagellate proliferation in marine ecosystems (fanning, 1992; reul et al., 2005) , and in enhancing its storage to face nitrogen shortage (Glibert et al., 2001; Badylak and Phlips, 2004) . the low chlorophyll-a concentrations and higher than 'normal' oceanic Redfield ratio of 16:1 recorded in the Gulf of Gabes indicate that this ecosystem is very highly-oligotrophic (Vollenweider et al., 1992) . this seems in accordance with the oligotrophic status, given that the ionian sea is based both on low nutrient concentrations (Bregant et al., 1992) and low primary production derived from chlorophylla concentrations (magazzù and Decembrini, 1995; Boldrin et al., 2002; moutin and rainbault, 2002) . Growing evidence indicates that the eastern mediterranean basin is an "ultra-oligotrophic" ecosystem (krom et al., 1991; heurt et al., 2005) characterized by dinoflagellate dominance as shown for the Gulf of Gabes (Gomez et al., 2000) . moreover, due to the lack of deep mixing along the coast, which gives an advantage to motile cells over non-motile ones (e.g., diatoms) (Paerl, 1997) , dinoflagellates spread along the coastal sea. similar observations were reported in the Gulf of tunis ( Daly-yahia, 1998) ; in the Bay of Ville-Franche (NW Mediterranean Sea) (Gomez and Gorsky, 2003) ; in hypertrophic costal waters of tokyo Bay (matsuoka et al., 2003) where C. furca was among the dominant Dinoflagellates (Matsuoka et al., 2003) followed by Protoperidinium. Ceratium was also among the dominant phytoplankton species observed in summer in Chinese lakes from 1991 to 1999 (Chen et al., 2003) . large phytoplankton cells tend to dominate in nutrient-rich coastal waters, while small cells are likely to be characteristic of oligotrophic oceanic systems (kang et al., 2004) . this result applies to the Gulf of Gabes in which coastal Ceratium had a biovolume ranging from 1.17 to 60 × 10 3 µm (mean ± s.d. = 2.23 × 10 2 ± 18.56 µm), whereas exclusively oceanic (>100 km) Protoperidinium cells were small, ranging from 10 to 85 µm (mean ± s.d. = 41.26 ± 18.56 µm). While dinoflagellate development followed a coastal-open sea gradient, toxic species and especially Karenia cf. selliformis (37% of total toxic dinoflagellates) spread throughout the Gulf. this corroborates the observations reported by others in the Gulf of Gabes in october 2000, which show the presence of 10 toxic taxa, among which Karenia cf. selliformis was the most significant toxin producer (turki et al., 2006) . however, the distribution of this group is poorly indicated since, to date, there have not been any thorough studies carried out in this ecosystem. earlier studies were mostly conducted in a restricted zone without depth samplings (Balkis, 2003) , so an attempt to compare them with other published results to assess how communities are changing, is impossible. nonetheless, Chang et al. (2003) reported lower numbers of toxic Karenia offshore than inshore in a north-eastern new Zealand Gulf during the summer. in the Gulf of Gabes, we detected high numbers of dinocysts blocked in the thermocline. these may have been at least partially brought by a fraction of the Modified Atlantic Water (MAW) which detaches from the south of lampedusa island (italy), invades the Gulf of Gabes and recirculates anticyclonally on the tunisian shelf (Lecombe and Tchernia, 1972) . The MAW may inoculate the Gulf of Gabes with phytoplankters, toxic Dinoflagellates and their cysts (Reul et al., 2002; Gomez, 2003; Gomez, et al., 2004) . additional dinoflagellate cyst inocula may originate from other areas as they can survive being transported in ballast water from ships (hallegraeff, 1993; yoshida et al., 1996; hallegraeff, et al., 1997) .
ConClusion
Dinophyceae (both motile non-toxic and toxic cells and cysts) seems to be an important component of the phytoplankton community in the Gulf of Gabes. they occur throughout the coastal-open sea gradient. the abundance of harmful species is of great concern because their presence can lead to a significant impact on the edibility and marketability of marine foodstuffs. in addition, monitoring stations 23 and 24 near the socio-economically impor-tant Djerba Island reveal high numbers of toxic K. selliformis that coincides with enhanced Din/P ratios (25.25). this suggests that excess reactive nitrogen is derived primarily from fertilizer applications, animal wastes and fuel combustion. The dinoflagellate ecology in the Gulf of Gabes is complex due to the interaction of various factors (water movements, urban interferences, marine traffic…) and needs to be clarified through long term studies. Treating urban and industrial wastes is the essential cornerstone for controlling aquatic eutrophication in the coastal waters of the Gulf. In the open sea, the MAW occurrence is the main deterministic factor of dinoflagellate development.
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